ABSTRACT: A cobalt-sulfide (Co−S) film prepared via electrochemical deposition on conductive substrates is shown to behave as an efficient and robust catalyst for electrochemical and photoelectrochemical hydrogen generation from neutral pH water. Electrochemical experiments demonstrate that the film exhibits a low catalytic onset overpotential (η) of 43 mV, a Tafel slope of 93 mV/ dec, and near 100% Faradaic efficiency in pH 7 phosphate buffer. Catalytic current densities can approach 50 mA/ cm 2 and activity is maintained for at least 40 h. The catalyst can also be electrochemically coated on silicon, rendering a water-compatible photoelectrochemical system for hydrogen production under simulated 1 sun illumination. The facile preparation of this Co−S film, along with its low overpotential, high activity, and long-term aqueous stability, offer promising features for potential use in solar energy applications.
H ydrogen, when generated directly from water or through other carbon-neutral processes, is a promising chemical fuel for sustainable energy applications.
1 As such, the development of synthetic hydrogen evolution reaction (HER) catalysts that functionally mimic the elegant water reduction chemistry of hydrogenase enzymes have attracted broad interest, 2−4 but creating molecular systems that utilize earthabundant elements and achieve high efficiency and activity, a low overpotential for hydrogen production, and long-term stability in green aqueous media remains a significant challenge. 5 Several aqueous compatible and water-soluble molecular HER catalysts have been reported; 5 nevertheless, they usually suffer from a large overpotential and/or low stability. 6 Solid-state inorganic compounds offer an alternative strategy to meet this goal and a number of interesting materials have emerged as earth-abundant platinum replacements for HER catalysis, including metal alloys, 7 nitrides, 8 borides, 9 carbides, 9 chalcogenides, 10 and phosphides, 11 but the vast majority of these systems are limited to use in strongly acidic media. Our laboratory 12 and others 4a,5l,7,13 have sought to develop HER catalysts for use in neutral pH water to avoid the use of strong acids and bases, thus reducing their environmental impact and increasing their biocompatibility. In particular, we have recently exploited polypyridine ligand platforms to support molecular molybdenum and cobalt systems that exhibit robust electrochemical and photochemical HER catalysis in water.
14 As a complementary approach to these molecular efforts, we now report that an electrodeposited cobalt−sulfide (Co−S) film is an efficient and robust HER catalyst in aqueous media. This catalyst maintains its activity for at least 40 h in neutral pH water and exhibits a low catalytic onset overpotential (η) of 43 mV, a Tafel slope of 93 mV/dec, and near 100% Faradaic efficiency in pH 7 water, with current densities that can approach 50 mA/cm 2 . Moreover, the Co−S film is easily coated on semiconductor substrates, resulting in a watercompatible system for photoelectrochemical hydrogen evolution under simulated 1 sun irradiation, establishing its utility for solar energy applications.
In the context of our investigations of molecular mimics of molybdenum-sulfide edge sites, 15 we were inspired by Hu's work showing that cobalt additives could improve the HER performance of molybdenum-sulfide films in acidic media, 16 as well as the redox activity of cobalt-sulfide films and their use in dye-sensitized solar cells, 17, 18 and thus sought to explore cobalt sulfides for HER catalysis. With the use of fluorine-doped tin oxide (FTO) as both the working and counter electrodes with a Ag/AgCl reference electrode ( Figure S1 ), a cobalt-sulfide (Co− S) film was deposited electrochemically on FTO from CoCl 2 and thiourea precursors. During progression of the deposition process, the exposed area of the transparent FTO working electrode took on a nearly black color. Scans of a typical potentiodynamic deposition of Co−S film are shown in Figure  S2 . After rinsing thoroughly with water and acetone, the dried Co−S/FTO electrode was annealed at 300°C under argon for 2 h. Figure 1 displays a scanning electron microscopy (SEM) image of the annealed Co−S film, and its amorphous nature is confirmed by X-ray diffraction data, as shown in Figure S3 . The presence of Co and S in the film was identified by energy dispersive X-ray spectroscopy (EDX) ( Figure S4 ) and further confirmed by inductively coupled plasma optical emission spectroscopy (ICP-OES). We note that the Co/S ratio of ∼1.4 remains constant for both the as-prepared and annealed Co−S films ( Table S1 ), indicating that its composition is not pure CoS but also likely contains CoO/Co(OH) 2 , which is in line with previous observations. 17 X-ray photoelectron spectroscopy (XPS) data summarized in Figures S5−S9 provide further support for this hypothesis. Indeed, a Co 2p peak at 781.2− 781.4 eV with a shoulder at ∼786 eV indicates a Co 2+ oxidation state with a mixed composition of CoS and CoO/Co(OH) 2 ( Figure S7 ).
17−21 Similarly, the S 2p peak at 161−163 eV suggests a S 2-oxidation state ( Figure S8 ). 17, 22 Importantly, the oxidation states of both Co and S remain constant before and after annealing, as evidenced by their similar XPS spectra. The comparison of the XANES and EXAFS results of the Co−S/ FTO sample with CoO further confirms the Co 2+ oxidation state and its dominating composition as CoS (Figures S10− S11, Table S2 ). 13, 23 The annealed Co−S film is an active HER catalyst in neutral pH water, as illustrated in Figure S12 . After electrolysis at η = 287 mV for 3 h, the polarization curve of the Co−S film is shown in Figure 2 . Under these conditions, the catalytic current rises at a low onset overpotential of 43 mV, accompanied by H 2 bubbles evolving from the electrode surface. Catalytic current densities approaching 50 mA/cm 2 can be achieved at η = 397 mV. For comparison, amorphous MoS 2 films prepared by a similar potentiodynamic deposition show a current density of 7 mA/cm 2 at the same pH and overpotential (pH 7, η = 400 mV).
10h In addition, an elegant Janus cobalt catalyst for water splitting reported recently achieves current densities of 0.5 and 2 mA/cm 2 for H 2 production at overpotentials of 270 and 385 mV; 13 at these same overpotentials, the Co−S film exhibits current densities of 29 and 48 mA/cm 2 , respectively. To achieve a moderate current density of 2 mA/cm 2 , the Co−S film needs an overpotential of only 85 mV, while other earthabundant solid-state catalysts typically require an overpotential of 100−200 mV (Table S3) .
The Tafel slope value of 93 mV/dec, calculated from data displayed in the inset of Figure 2 , does not match any of the three principle steps for hydrogen evolution (29, 38, (Table  S3 ). In addition to its low onset overpotential and high activity, the Co−S catalyst operates at virtually 100% Faradaic efficiency, as determined by direct quantification of the H 2 produced over a 3-h controlled potential electrolysis using gas chromatography (Figures S13−S14). Finally, ICP-OES analysis of the Co−S film after this 3-h electrolysis shows a Co/S ratio of nearly 1 (Table S1 ), suggesting the possible dissolution of CoO/Co(OH) 2 while maintaining the integrity of CoS during electrocatalysis. The SEM images of this postelectrolysis Co− S/FTO electrode are shown in Figure S15 .
The durability of the Co−S film in neutral pH water was further assessed in a longer-duration controlled potential electrolysis experiment. As depicted in Figure 3 , the catalyst affords a robust and essentially linear charge build-up over time, with no substantial loss in activity over the course of at least 40 h. In contrast, negligible charge was passed when a blank FTO electrode was used as the working electrode under the same conditions. To estimate lower bounds for the turnover frequency (TOF) and turnover number (TON) for HER during the 40-h electrolysis, we assumed all of the loaded Co contributed to the overall catalysis. On the basis of catlyst loadings measured by bulk ICP-OES (Co = 1.35 μmol/cm 2 , Table S2 .
We next investigated the HER performance of the Co−S catalyst at extreme pH values. In 0.5 M H 2 SO 4 , a rapid catalytic current rises when scanning beyond −0.05 V vs RHE with a Tafel slope of 56 mV/dec ( Figure S18) , with H 2 generation confirmed by gas chromatography; however, subsequent cathodic sweeps led to a quick deactivation of the film, which is most likely due to the dissolution of CoS in strong acidic media as the FTO electrode returns to a transparent color after these cathodic scans. On the other hand, in 1.0 M KOH, the Co−S film exhibits robust HER activity, with a catalytic onset of η = 100 mV and nearly linear charge accumulation during a 25-h controlled potential electrolysis ( Figure S19 ). The Co−S film is also compatible with seawater, the most abundant proton source on earth. Figure S20 (top) compares the polarization curves of Co−S/FTO and blank FTO in seawater with 1.0 M NaClO 4 as a supporting electrolyte. Only the former shows a catalytic onset at −0.6 V vs SHE followed by a rapid current rise, and the activity persists for at least 20 h as established by a long-term controlled potential electrolysis ( Figure S20 (bottom) ). Taken together, these results establish the robust HER activity of the Co−S catalyst for a wide range of pH values and aqueous reaction media.
We then proceeded to assemble a system for photoelectrochemical hydrogen evolution by electrochemically depositing the Co−S catalyst on a planar n + /p-Si electrode. Figure 4 compares the photocurrent densities of n + /p-Si electrodes coated with Co−S by different cycles of preparation. Indeed, the presence of the Co−S catalyst significantly enhances the photocurrent densities of the planar n + /p-Si electrodes under simulated 1 sun irradiation in pH 7 buffer.
With increasing deposition cycles from 2 to 6, the photocurrent density rises from ∼1 to ∼11 mA/cm 2 at 0 V vs RHE, and the onset also shifts to ∼320 mV vs RHE. Further cycles of Co−S deposition do not improve the photocurrent response ( Figure  S21 ), presumably due to inner-filter effects of the catalyst upon light absorption by Si ( Figure S22) . Nevertheless, the data show the compatibility of the Co−S catalyst for solar energy applications in neutral pH water.
In summary, we have discovered that a Co−S film prepared by simple potentiodynamic deposition is an active, efficient, and robust HER catalyst in neutral pH water, as well as other aqueous media, featuring a low onset overpotential, 100% Faradaic efficiency, and high current densities that can persist for at least 40 h. Moreover, this Co−S catalyst can be easily deposited on silicon electrodes, resulting in a photoelectrochemical system for proton production from water under simulated 1 sun illumination. These results provide a starting point for further structure/activity investigations of Co−S films and related metal chalcogenides for HER and other energy catalysis applications. 
